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Abstract

Goan manganese ores, containing substantial amounts of Fe,O; and SiO, have been
subjected to activation treatment using H,SO, and HNO; in varying concentration. The
resulting oxides were characterised by chemical analyses, X-ray diffraction, and mea-
surement of surface area. The discharge characteristics were evaluated in 9 M KOH
solution. An attempt was made to correlate the structural features with the electrochemical
activity. An explanation of the synergistic effect is given in the light of Ruetschi’s cation
vacancy model for manganese dioxides. '

Introduction

Details of Goan natural manganese ore deposits and their utilisation
have been extensively investigated [1—4]. The ore is essentially pyrolusite
and psilomelane together with lesser amounts of cryptomelane, braunite and
manganite. Details of the classification of natural manganese dioxide minerals
with regard to crystal structure have been given by Burns and Burns [5].
We have reviewed [6] the various physicochemical principles involved in the
activation of natural manganese ores on a previous occasion. The present
investigation is aimed at evaluating the chemical and electrochemical char-
acteristics of activated manganese dioxides in order to assess their suitability
as active cathode materials in dry cells.

Experimental

The Goan manganese ores taken for activation treatment had the following
initial composition :
G;: Mn 50.4%, MnO, 79.1%, Fe,O, 10.4%, SiO, 9.3%;
Gt Mn 57.1%, MnO, 89.8%, Fe,O3 5.2%, SiO, 4.8%.
Details of the activation process are given in Table 1. Chemical analysis of
the activated samples was carried out using standard methods, reported
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TABLE 1

Synthesis of activated ore samples

Sample Quantities of reagents used in preparation®
h 300 ml of
D Ore G, —— Mn,04 =%, MnO,
1 10% H2804
heat 300 ml of
D, Ore G; —— Mn,0; = MnO,
2 10% HNO3
heat 300 ml of
D, Ore G, Mn,04 pr——" MnO,
heat 300 ml of
D, Ore G, Mn,0, powam—— MnO,
heat 300 ml of
D Ore G, Mn,0; p——— MnO,
D Natural MnO, ore from Ghana (West Africa
6 2

*In each case (D,~D;) 100 g of the orc was heated with 6% carbon black at 600 °C for
1h

elsewhere [7, 8]. X-ray powder diffractograms were taken on a Phillips
X-ray machine using Cu Kea radiation. The discharge characteristics were
evaluated in 9 M KOH solution at 1 mA constant current discharge per 100
mg of MnO, by a method reported earlier {9]. The usable energy values of
the sample were evaluated by integrating the area under the closed circuit
potential discharge curves at 1.0 V cut off [9]. The International Common
Samples IC, (EMD) and IC; (CMD), and the chemically precipitated samples
Ag and Ag [9], were used as standards for comparison of the data. Surface
areas of the activated manganese ore samples were determined by the zinc
ion absorption (ZIA) method at 65 °C [10]. The surface area of the active
‘OH’ groups was evaluated by the method of Brenet et al. [11, 12]. In this
method each dioxide can be represented by the formula:

(MnO,)s,, .3 (MnOOH), _ 5, - mH,0
where
n=(38+x)2 and x=0.632X %MnO,/%Mn

If M is the molecular mass for the above formula then the surface area of
the OH group is given by

Son= (4 —2n)/Mx3600 m> g~}

The combined water percentage was determined by heating the samples
(dried at 110 °C) to 300 °C and determining the loss in weight.
Results and discussion

The chemical composition and the formulae of the activated manganese
dioxides are presented in Table 2. The X-ray diffraction data are presented
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TABLE 2

Chemical composition and formulae of manganese dioxides

Sample Yield MnO, Mn Fe Z in Combined Formulae
) (%) (%) (%) MnO,,, water (¥)

(%) (MnOz);z, - s(MnOOH), _2,mH0
D, 44.3 61.31 42.44 2.33 0.913 6.7 (MnO3)0.913(MNOOH); 0570.3008 H,0
D, 54.2 61.45 42.63 156 0911 5.7 (MnO3).91:(MNOOH); 0800.2453 H,0
Dy 47.1 65.02 44.62 1.55 0.921 5.9 (MnO3)0.92:(MNOOH), 0790.2614 H,0
D, 445 76.85 5150 3.50 0.943 10.7 (MnO3)4.943(MNOOH)( 0570.5476 H,0
Ds 46.0 77.70 52.20 3.00 0.940 8.7 (MnO3)0.0407(MNOOH)¢ 05030.4284 H,0
Dg - 80.30 52.47 1.37 0.970 2.8 (MnO3)¢.0872MnO0OH)( 03:80.1451 H,0
Ag 100.0 93.6 604 — 0.979 4.5 (MnO03)0.0s(MNOOH) 02,0.21 H,O0
Ag 98.9 85.8 57.7 - 0.939 2.5 (MnO3)6.04(MnOOH), 4,0.093 H,0
1C, - 90.0 60.3 - 0.95 2.85 (MnO3)p.05(MNOOH)( 050.12 H;O
ICB - 90.1 61.4 - 0.93 2.30 (Mn02)oA93(MUOOH)o.070.08 Hzo

in Table 3. Samples D, and D,, prepared by using 10% H,SO, and 10%
HNO;, respectively, gave a low MnO, content (about 61%). When the
concentration of HNO; was increased to 30%, as in the case of D3, the MnO,
content increased to about 65%. Samples D, and Dy were obtained from a
high grade ore (initial MnO, content=89.8%) by disproportionation of the
reduced ore in 30 and 35% HNO,, respectively. The activated ores then
showed a much higher percentage of MnO,. It is interesting to note that all
the activated ore samples have appreciably higher combined water contents
than the standard electrolytic and chemical manganese dioxides (Table 2).

The X-ray diffraction data of all the activated samples conform to the
v crystal phase. The d values could generally be indexed on the basis of
an orthorhombic crystal structure. The lattice parameters thus derived are
in agreement with those reported in the literature [8, 13-15].

Sample discharge curves are displayed in Figs. 1 and 2 and their
characteristics are summarised in Table 4. Sample D,, obtained by dispro-
portionation of the reduced ore in 30% HNOj;, showed a better discharge
performance than D5, which was similarly obtained using 35% HNO;. This
is in spite of the fact that D5 had a higher percentage of MnO,. This indicates
that increasing the concentration of acid beyond 30% is not advisable as it
results in samples having reduced activity. It is interesting to note at this
stage that all the activated samples, including D, and D, (which have a very
low MnO, content, 61%), show better discharge performance than Dg, a
natural y-MnO, ore (% MnO,=80.3).

Discharge tests were also conducted by mixing activated ore samples
with synthetic samples. Thus, when a mixture of A; (a chemical y-MnO,
with usable energy E,=28.2 J g™!) and D; (E,=12.2 J g~1) were used in
a 1:1 combination, the resulting discharge performance was 25.2 J g~ ! as
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Fig. 1. Electrochemical discharge curves of activated ore sample in 9 M KOH solution. Dy is
a natural y-MnO,. D,, ~e—; D; —«—; D, —o—; Dg —m—.

Closed Circuit Voltage versus Zn,V

0.6-1

U T T T T T

T T T T L
8 12 16 20 24 28 32

T T
o 4

Depth of Discharge mA h

Fig. 2. Electrochemical discharge curves of activated ore samples in 9 M KOH solution. A
comparative study with synthctic samples A; and the International Common Samples IC, and
1Cs. Dy, ~a—; Aj, === ; IC,, —o—; ICg, —co—; D3+ A, (1:1), —e—; Dy+A; (3:1), —=—.
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against the theoretically expected value of 20.5 J g~ . The above combination
therefore exhibits a synergistic effect [16]. In fact, the overall discharge
performance was comparable with IC;, one of the best electrolytic samples.
Further, when only 25% of A; was used in combination with Dj, the resulting
discharge capacity of 16.2 J g~! was still good enough for use in the battery
industry, especially considering the fact that ICg, one of the best commercial
v-CMDs, has a capacity of only about 19 J g~!, under the same conditions.
Recently, Ruetschi proposed a cation vacancy model [17] to explain the
physical and electrochemical properties of y- and e-manganese dioxides.
Accordingly, the general formulae of active manganese dioxides, i.e.,
(MnOy)s, -3 (MnOOH),_,,-mH,0 (see Table 2) can be represented by:

4 3 2— 1—-
Mg ooy MNP O gryy® ™ OHaz 4y

where x is the fraction of Mn** missing from the MnO, lattice resulting in
Mn vacancies; y is the fraction of Mn** replaced by Mn®*.
Since the cathodic reduction mechanism:

MnO,+H* +e¢~ — MnOOH

involves insertion of protons into the MnO, lattice, the electrochemical activity
should obviously depend upon the rate of proton transfer from the Mn
vacancy. It has been established [17] that the rate of proton transfer increases
with the cation vacancy fraction, x, and attains a limiting value at x=0.25.
It is therefore very interesting to note that the value of x for the activated
ore samples, which is between 0.10 and 0.22, is within the desired range
(see Table 5). The value of & for chemical and electrolytic manganese dioxide
is appreciably lower. Further, as shown in Fig. 3, a plot of usable energy
versus x is linear, implying that the usable energy is directly proportional
to the cation vacancy fraction, x. Higher x values beyond 0.25 could be
detrimental, since it would result in much higher structural water [17] and,
hence, lower electrochemical activity.

TABLE 5

Correlation of structural features with the catalytic and electrochemical activity of the samples

Surface areas (m® g~ ') Usable energy Cation vacancy
Jggh fraction
Z1A Son X)
D, 105 33.8 10.0 0.130
D, 110 35.0 10.1 0.109
D, 121 31.0 12.2 0.116
D, 132 21.0 15.0 0.215
D 126 22.5 14.1 0.1764
Dg 12.8 12.7 9.63 0.067
A, 44 8.3 28.8 0.095
As 46 29.0 12.5 -
IC, 88 20.0 25.2

1Cq 98 28.0 19.0 0.038
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Fig. 3. Relation between usable energy and cation vacancy fraction in manganese dioxides.

It should be obvious, however, that the value of & cannot be treated
as a measure of electrochemical activity, but only as an influencing factor
to favour proton transfer during electrochemical reduction. If this assumption
is correct, then the synergistic effect of the (A;+Dj3;) combination could be
due to the favourable effect of the higher x value of D3 (x=0.116) on the
discharge performance of the more electrochemically active As(x=0.095).
Also, the apparent lack of correlation (see Table 5) or, rather, the somewhat
inverse relation between the surface area of the ‘OH’ groups and the
electrochemical activity, could be due to the failure of Brenet et al. [11,
12] to account for the two types of OH groups, corresponding to planar
and pyramidal configurations of 0%~ sites, as envisaged in Ruetschi’s cation
vacancy model. This aspect is being investigated further by the present
authors and details will be communicated at a later stage.

Conclusions

The activated ore samples have unusually high surface areas compared
with chemical or electrolytic manganese dioxides. Further, the samples, even
with very low MnO, contents, can show a synergistic effect, thus emphasizing
their immense importance to the battery industry. A reason for the synergistic
effect can be given on the basis of Ruetschi's cation vacancy model for
manganese dioxides.
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